The distribution of the rare earths and yttrium (REY) in co-existing hydrous Mn oxides and Fe oxides that form marine hydrogenetic ferromanganese crusts is used to better describe the partitioning and fractionation of the REY between these (hydr)oxides and seawater in the natural marine system. Four fractions (easily exchangeable, Mn-oxide-bound, Fe-oxidebound, and insoluble-residue-bound REY) were separated by an adjusted sequential leaching procedure from two ferromanganese crusts from the Central Pacific. The distribution of the REY differs significantly between these leaching fractions and gives evidence for decoupling of La, Ce, Gd, Y, and Lu from their respective neighbours in the REY series during partitioning between hydrous Fe oxides, Mn oxides and seawater. Both the Mn oxides and the Fe oxides display pronounced positive Ce anomalies of almost similar size. This suggests that in the natural marine system oxidative scavenging of Ce from seawater is not restricted to Mn oxides but also occurs on hydrous Fe oxides. The distribution of Ce between the Mn oxides and the hydrous Fe oxides follows that of the trivalent REY and contrasts sharply with that of tetravalent Zr, Hf and Th. This suggests that preferential Ce removal from seawater does not result from the oxidation of dissolved Ce(III) within the marine water column, but that Ce(III) is oxidized after its sorption at the metal (hydr)oxide surface. Patterns of apparent hydrous Fe oxide/Mn oxide distribution coefficients show a sigmoidal shape and display negative anomalies for La, Gd, Y, and Lu (and the M-type lanthanide tetrad effect), indicating preferential scavenging of these elements by the Mn oxides as compared to the Fe oxides. The pronounced differences between the REY distribution in the Mn oxides and that in the Fe oxides cannot solely be explained by the REY speciation in seawater, but require additional and mineral-specific REY fractionation during surface-complexation.
INTRODUCTION
Studies of trace metal scavenging by marine hydrogenetic ferromanganese (Fe-Mn) crusts suggest mineral-specific selective trace element uptake by the hydrous Fe oxides and Mn oxides these crusts are composed of (Li, 1981 (Li, , 1982 (Li, , 1991 Koschinsky and Halbach, 1995; Koschinsky and Hein, 2003; and references therein) . As a first approximation, this selectivity has been related to the charge of the dominant dissolved species of the respective element and the surface-charge of the sorbent. We will refer to this "simplified electrostatic" model as the SES model in which positively charged dissolved species preferentially associate with the Mn oxides that have a negative surface-charge in seawater, whereas negatively charged and uncharged dissolved species prefer the slightly positively surface-charged Fe oxides. materials such as soils, sediments, and Fe-Mn nodules and crusts to investigate element associations (e.g., Chester and Hughes, 1967; Tessier et al., 1979) . Although the selectivity of the leaching steps for discrete phases has sometimes been disputed, it could be shown that a thorough adaption of the leaching steps to the sample matrix provides reasonable and reproducible results for element associations in Fe-Mn crusts and nodules (Moorby and Cronan, 1981; Koschinsky and Halbach, 1995) . The advantages and shortcomings of sequential leaching of FeMn crusts have been discussed in detail by Koschinsky and Hein (2003) who reported the respective association of about 40 elements (excluding the REY) with the hydrous Mn oxide and Fe oxide phases and discussed these in terms of the SES model outlined earlier. However, one may argue that these studies compared elements of very different properties and geochemical behaviour. Hence, it is desirable to confirm these observations by investigating a set of trace elements, such as the REY, that behave coherently in geochemical systems.
Marine hydrogenetic Fe-Mn crusts form when hydrous Fe oxide particles and hydrous Mn oxide particles that precipitated in the water column, settle to the seafloor and build (hydr)oxidic Fe-Mn encrustrations on whatever substrate rock they are deposited on. The REY in these Fe-Mn crusts are scavenged from ambient seawater by surface-complexation on the Mn oxides and hydrous Fe oxides (e.g., . While REY speciation in particle-free seawater is dominated by complexation with dissolved carbonate, this is different in the immediate vicinity of, for example, (hydrous) Fe oxide and Mn oxide particles, where the hydroxyl groups at the particle surface compete with the dissolved carbonate ligands. The result is continuous sorption and desorption of REY at or from the Mn oxide and Fe oxide particle surfaces even after the exchange equilibrium between the solution-and the surface-complexes has been reached. This continuous re-equilibration between Fe-Mn crust and ambient seawater results in the same Nd isotopic composition of the surface layer of a hydrogenetic Fe-Mn crust and ambient seawater (e.g., Albarede and Goldstein, 1992; Bau and Koschinsky, 2006; and references therein) . We argue that, therefore, the REY pattern of the Mn oxide and that of the hydrous Fe oxide represent the exchange equilibrium in the three-component system Mn oxide-Fe oxideseawater. Sequential leaching of hydrogenetic Fe-Mn crusts, which reveals the respective REY signature of the Mn oxide and the Fe oxide, allows us to study the partitioning of REY between these co-existing Mn oxides and Fe oxides and seawater. Our results for co-existing metal (hydr)oxides in a natural system, therefore, complement the numerous experimental studies (Byrne and Kim, 1990; De Carlo, 1992, 1993; De Carlo et al., 1998; Bau, 1999; Kawabe et al., 1999a, b; Kawabe, 2000, 2001; Davranche et al., 2004 Davranche et al., , 2005 Davranche et al., , 2008 Verplanck et al., 2004; Quinn et al., 2004 Quinn et al., , 2006a Quinn et al., , 2006b Quinn et al., , 2007 that focused on REY partitioning between seawater or other solutions and either pure Mn oxides or pure (hydrous) Fe oxides. If the SES model is a reasonably good approximation, the REY should display an association with the in seawater slightly positively surface-charged Fe oxides and the negatively surface-charged Mn oxides that reflects their distribution between their dominant dissolved species in seawater, i.e., between REYCO 3 + and REY(CO 3 ) 2 -. Our results demonstrate that in the natural marine system oxidative scavenging of Ce is not limited to Mn oxides but does also occur on hydrous Fe oxides. Our results further reveal distinct and systematic differences between the REY distribution of the hydrous Fe oxide and the Mn oxide component in marine Fe-Mn crusts, which suggests that the SES model cannot fully explain or predict the behaviour of elements with complex seawater speciation during scavenging by Fe-Mn crusts.
SAMPLES AND METHODS

Samples
Two non-phosphatized hydrogenetic Fe-Mn crusts were chosen for the leaching experiments. Crust 333 (c333) was sampled at about 1600 m water depth in the northern Central Pacific (15°42.07′ N, 170°21.37′ W; sampling station 64DSK, cruise SO46), crust 506 (c506) was recovered at about 1500 m water depth in the equatorial Central Pacific in the region of Kiribati (4°10.14′ S, 174°51.21′ W; sampling station 10DSR, cruise SO66). Both crusts show all the mineralogical and chemical characteristics that are typical of hydrogenetic Fe-Mn crusts. They display Mn/Fe ratios above unity (c506: 1.7; c333: 1.6) and high concentrations of Co (about 0.8%) and Ni (about 0.6%), for example. Mineralogically, they are dominated by an amorphous FeOOH phase that is closely intergrown with Fe-bearing vernadite (δ-MnO 2 ). The latter is an X-ray-amorphous hydrous manganese oxide (Bolton et al., 1988; Hein et al., 1997; Usui and Someya, 1997) (Anthony et al., 1997) , indicating that Fe and Ca are structural parts of this Mn oxide. This Fe vernadite has a hybrid structure with coexisting Mn 4+ and Fe 3+ domains. In one domain, Mn atoms are distributed layerwise, as in phyllomanganate, whereas in the other, Fe octahedra are linked as in feroxyhite (Manceau et al., 1992) .
Methods
The ground (<63 µm) and air-dried Fe-Mn crust samples were sequentially leached following the well-established protocol of Koschinsky and Halbach (1995) . A 1 g sample aliquot was put in a 250 ml NALGENE polyethylene bottle, the leaching reagent was added, and the suspension was shaken on a horizontal shaker. The leaching solution was filtered through a 0.45 µm membrane filter and the filtrate stored for analysis. The solid remaining on the filter was rinsed twice with deionized water and then immediately transferred to the next leaching step. The following four fractions were separated:
Leach 1: easily leachable adsorbed cations and carbonates acid-leachable with 25 ml of a 1 M acetate buffer at pH 5; Leach 2: Mn oxide fraction easily reducible with 175 ml of a 0.1 M hydroxylamine hydrochloride solution at pH 2;
Leach 3: hydrous Fe oxide fraction moderately reducible with 175 ml of a 0.2 M oxalate buffer solution at pH 3.5;
Leach 4: residual fraction with (alumino)silicates, crystalline oxides, etc., dissolved in concentrated HF, HNO 3 and HCl in an acid-pressure digestion system.
The resulting leaching solutions were acidified with HNO 3 to pH 2 for storage and subjected to major/minor and trace metal analyses with a Leeman ICP-OES and a PerkinElmer/Sciex Elan 5000 ICP-MS (for details see Halbach, 1995, Bau et al., 1996) .
RESULTS AND ASSESSMENT OF SEPARATION EFFICIENCY
The results of the sequential leaching procedure are compiled in Table 1 and are illustrated in Fig. 1 . The equations for the quantification of anomalies in normalized REY patterns are given in Table 1 ; note that these data have been calculated using shale-normalized REY data.
Leaching fraction 1 (commonly referred to as the fraction representing carbonates and loosely bound elements) contains about 55% of total Ca and only insignificant amounts (<0.1%) of total Mn and total Fe. Moreover, it carries only a small fraction (1.9-7.4%) of the total REY budget of the hydrogenetic Fe-Mn crusts ( Leaching fraction 2 (containing the elements associated with the Fe-bearing Mn oxide vernadite) hosts almost the entire amount (98.4%) of total Mn, but also about 44.4% (c506) and 42.9% (c333) of total Ca, and 29.8% (c506) and 18.5% (c333) of total Fe. Leaching solution 2 also contains 14% to 56% of the total REY (Table 1) . The REY SN pattern of fraction 2 (Fig. 1) is flat between the LREE and MREE, increases within the MREE and is flat again between the MREE and HREE. There are positive anomalies for La (La SN /Ce* = 2.05; 3.14), Ce (Ce SN /Ce* = 3.87; 2,59), Gd (s/Gd* = 1.33; 1.57), Y (Y SN /Ho SN = 1.13; 1.37), and Lu (Lu SN /Yb SN = 1.07; 1.14).
Leaching fraction 3 (containing the elements associated with amorphous (hydrous) Fe oxides) yields 67.6% (c506) and 81.2% (c333) of total Fe and only insignificant amounts (<2%) of Mn and Ca. This fraction carries between 40% and 82% of the total REY (Table 1) . The REY SN patterns of this fraction ( Fig. 1) Leaching fraction 4 (commonly addressed as the residual fraction that comprises detrital aluminosilicates, crystalline Fe oxides and accessories such as apatite, opal, and barite) hosts only insignificant amounts (<0.1%) of Ca and Mn, and only a very small fraction (c506: 2.4%; c333: 0.2%) of total Fe. Leaching solution 4 shows a negligible fraction (0-1.7%) of the total REY budget of these non-phosphatized hydrogenetic Fe-Mn crusts ( Table 1) . The REY SN patterns of this fraction (Fig. 1) are flat, but show positive anomalies for La (La SN /Ce* = 1.26; 1.54), Ce (Ce SN /Ce* = 2.00; 2.44), Gd (Gd SN /Gd* = 1.38; 1.38), and Y (Y SN /Ho SN = 1.29; 1.31).
The distribution of the major elements Ca, Mn and Fe demonstrates that the sequential leaching approach applied here successfully separated the element pool associated with the Fe-bearing Mn oxide (vernadite) and that bound to the hydrous Fe oxide. Leaching solution 3 is rich in Fe but very low in Ca and Mn, and shows an Fe/ Mn ratio of 28 and 35, respectively. Its REY load, therefore, represents only those REY that are associated with the hydrous Fe oxides. Leaching solution 2 carries not only Mn but also Fe and Ca. Vernadite, however, is known to readily accommodate divalent and trivalent cations, such as Ca and Fe, respectively, in its crystal lattice (as discussed earlier), and hence, this is to be expected. Moreover, it had previously been shown that the amount of Fe leached with step 2 does not correlate with the total Fe content of a Fe-Mn crust, but with its total Mn content (Koschinsky and Halbach, 1995) . Together with the mineralogical structure of vernadite (discussed in Subsection "Samples"), this suggests that the Fe present in leaching solution 2 is the Fe hosted by the Fe-bearing vernadite, and that it does not represent Fe mobilized from the hydrous Fe oxide phase that is leached in step 3. Although the leaching solution 1 carries most of the Ca, its REY SN patterns are significantly different from those of marine limestones, suggesting that the REY in fraction 1 are derived from an ill-defined easily accessible trace element pool and not exclusively from carbonates.
Since neither leaching fraction 1 nor fraction 4 carries significant amounts of REY (Table 1) , further discussion will focus on leaching solutions 2 and 3, i.e., on the Mn oxides and the hydrous Fe oxides, that are the important REY carriers. Since we will specifically address the behaviour of redox-sensitive Ce relative to its redox-insensitive REE neighbour Pr, we emphasize that 98.9% and 99.9% of total Ce, and 95.9% and 97.8% of total Pr are associated with the (hydrous) Fe and Mn oxides in c333 and c506, respectively. Also note that the REY patterns of the bulk hydrogenetic Fe-Mn crusts studied here do not differ from those considered typical of hydrogenetic Fe-Mn crusts. The different size of the positive Ce anomalies in the bulk hydrogenetic Fe-Mn crusts c333 and c506 (Table 1) results from the different average growth rates of these two crusts (Kuhn et al., 1998) .
DISCUSSION
Cerium oxidation in the marine environment
It has been suggested that the behaviour of Ce in the marine environment is more closely coupled to that of Mn than to that of Fe, due to oxidative scavenging of Ce by Mn oxides (e.g., Elderfield, 1988) . Thermodynamics suggest that Ce(IV) should predominate over Ce(III) at redox levels that stabilize significant amounts of (hydr)oxides of Fe(III), Mn(III), or Mn(IV), and it has been shown that the slow kinetics of the Ce(III) oxidation reaction can be overcome by microbial mediation or by surface-catalyses on Mn oxides (e.g., Moffett, 1990 Moffett, , 1994 Koeppenkastrop and De Carlo, 1992; De Carlo et al., 1998; and references therein) . If indeed there is preferential association of Ce with Mn but not with Fe, only the Mn oxides in marine hydrogenetic Fe-Mn crusts should display a positive Ce anomaly when compared to seawater which itself is characterized by Ce depletion.
The oxidative scavenging of Ce by co-existing Mn oxides and hydrous Fe oxides in hydrogenetic Fe-Mn crusts (i.e., the decoupling of Ce from its REY neighbours) is illustrated in Fig. 2 by the Lu-normalized apparent mineral/seawater partition coefficients for the REY, (K D REY-MnOx/REY-sw ) Lu and (K D REY-FeOx/REY-sw ) Lu , respectively (seawater is Central Pacific seawater (00°00.54′ S, 149°57.34′ E) from 1486 m depth from Zhang and Nozaki, 1996) :
Straightforward inspection of the patterns in Fig. 2 reveals that both the K D patterns of the Mn oxides and those of the hydrous Fe oxides, display strong positive Ce anomalies. This is evidence from a natural system that the preferential association of Ce (relative to the nonredox-sensitive REY) with metal (hydr)oxides is not restricted to Mn oxides, but that this can also be observed on hydrous Fe oxides. This observation is in agreement with experimental results that suggested oxidative Ce scavenging by hydrous Fe oxides from dilute HCl solutions (Bau, 1999) . However, the majority of experimental studies (Byrne and Kim, 1990; De Carlo, 1992, 1993; De Carlo et al., 1998; Kawabe et al., 1999a, b; Kawabe, 2000, 2001; Verplanck et al., 2004; Davranche et al., 2004; Quinn et al., 2004 Quinn et al., , 2006a Quinn et al., , 2006b Quinn et al., , 2007 did not find evidence of preferential Ce scavenging, although some of the data sets presented, such as those of Verplanck et al. (2004) and Davranche et al. (2004) , for example, show very small positive Ce anomalies in patterns of Fe-(hydr)oxide/solution partition coefficients. Hence, the claim of preferential (oxidative) scavenging of Ce by hydrous Fe oxides is still considered controversial and is not widely accepted. One might argue that the observed discrepancy results from comparing experiments in which the REY are scavenged during the precipitation of Fe and Mn (hydr)oxides (as in the study by Bau, 1999 ) with experiments where the REY are added to pre-existing Fe and Mn (hydr)oxides. However, even in the study of Bau (1999) only the experiments with artificial solutions showed oxidative Ce scavenging, whereas those using acidified Fe-rich natural spring water from Nishiki-numa, Hokkaido, Japan , did not. This clearly demonstrates that further experimental work is needed to shed light on this issue. We emphasize, though, that despite the obvious disagreement between most experimental results and our findings, the data reported here represent an observation in the natural marine system and that our results most strongly suggest that oxidative scavenging of Ce by hydrous Fe oxide does indeed occur in nature. Due to decoupling of La from its neighbours in the REY series (which is also evident in Fig. 2) , Ce anomalies in marine chemical sediments should not be quantified by interpolation between its neighbours La and Pr . Several alternative approaches have been proposed (e.g., Bolhar et al., 2004) and we here use the Ce SN /Ce* ratio (Bolhar et al., 2004;  Table 1 ) and the Ce/Pr ratio of the partition coefficients calculated from Eqs. (1a) and (1b) to quantify decoupling of redox-sensitive Ce from its trivalentonly LREE neighbours. The Ce/Pr ratios of the partition coefficients for c333 are 58 and 46 for the Mn oxides and the Fe oxides, respectively, whereas those for c506 are 37 and 27, respectively, i.e., Ce enrichment in the Fe oxides is only 21% (c333) and 27% (c506) smaller than it is in the Mn oxides. When we quantify Ce decoupling by the Ce SN /Ce* ratio this difference is even smaller: 7% (c333) and 15% (c506). This indicates that preferential (i.e., oxidative) scavenging of Ce from seawater by hydrous Fe oxides is not minute, but that it is almost as effective as Ce scavenging by Mn oxides.
Our result of Ce enrichment in both the Mn oxide and the hydrous Fe oxide fraction also suggests that the transfer of Ce from seawater into sediments does not occur via a discrete solid Ce(IV) oxide phase, such as CeO 2 , that forms from oxidation of dissolved Ce(III) within the marine water column. For the sake of the argument let us assume such a hypothetical phase existed: If this discrete Ce(IV) phase was soluble in 0.1 M hydroxylamine hydrochloride solution at pH 2 (leaching step 2) or in both 0.1 M hydroxylamine hydrochloride solution at pH 2 and 0.2 M oxalate buffer solution at pH 3.5 (step 2 and 3, respectively), this Ce(IV) phase would dissolve with the Mn oxides and we would have found the positive Ce anomaly only in the Mn oxide fraction. If this hypothetical Ce(IV) oxide phase was soluble in step 3 but not in step 2, only the hydrous Fe oxide fraction would have displayed a positive Ce anomaly. If this phase was insoluble during both leaching steps, neither the hydrous Fe oxide nor the Mn oxide fraction would have shown a positive Ce anomaly, but leach 4 would have done so. That about half of this hypothesized Ce(IV) oxide phase should be soluble in step 2 and the other half in step 3 is very unlikely. Hence, the observed preferential enrich-ment of Ce in both the Mn oxide and the hydrous Fe oxide fraction (Fig. 2) , does not support the conclusion that Ce precipitates as a separate Ce(IV) oxide phase in the water column. Instead, it obviously indicates that Ce(IV) is indeed associated with both the hydrous Fe oxide and the Mn oxide particles.
It might be argued that a discrete Ce(IV) oxide compound forms via oxidation of dissolved Ce(III) within the marine water column, but subsequently associates with Mn and Fe (hydr)oxide particles and is eventually deposited together with these Mn and Fe (hydr)oxides to produce hydrogenetic Fe-Mn crusts. However, using the marine behaviour of non-redox-sensitive tetravalent cations as a guidance, this is very unlikely. Tetravalent Zr, Hf, and Th, for example, behave very different from Ce: while Ce in Fe-Mn crusts is distributed almost equally between the Mn oxides and the hydrous Fe oxides (Table  1) , Zr, Hf and Th are bound exclusively to the hydrous Fe oxide phase (Bau and Koschinsky, 2006 ; see also Table  1 ). Hence, the general distribution of Ce between the Mn oxides and the Fe oxides in a hydrogenetic Fe-Mn crust is similar to that of the redox-insensitive trivalent REY, but distinctly different from that of Zr(IV), Hf(IV) and Th(IV).
Our results, therefore, strongly suggest that discrete Ce(IV) (hydr)oxide compounds do not form via the oxidation of dissolved Ce(III) within the marine water column, but that Ce dissolved in seawater is trivalent and distributed between mono-and dicarbonate complexes just as its REE(III) neighbours. The oxidation of Ce(III) and the formation of Ce(IV) compounds happens at the surface of marine hydrous Mn and Fe oxides after the initial sorption of Ce(III).
REY fractionation between co-existing Mn oxides and hydrous Fe oxides in seawater
To illustrate the differences between the REY distribution in the hydrous Mn oxides and Fe oxides present in hydrogenetic Fe-Mn crusts, we calculated the Lu-normalized ratio of Fe-bound REY (leaching step 3) to Mn-bound REY (leaching step 2) for the members of the REY series ( Fig. 3) :
The resulting patterns of (∆ REY-FeOx/REY-MnOx ) Lu values are very similar for both crusts and display a sigmoidal shape. Compared to their respective neighbours in the REY series, La, Gd, Y and Lu preferentially associate with the Mn oxide as demonstrated by the negative anomalies for these elements in Fig. 3 . Moreover, the patterns in Fig. 3 are subdivided into four convex segments resembling the M-type lanthanide tetrad effect (Masuda et al., 1987) . We also emphasize again the lack of any Ce anomaly from the patterns in Fig. 3 , which indicates that there is no preferential oxidative scavenging of Ce by Mn oxides as compared to hydrous Fe oxides, as was discussed in Subsection "Cerium oxidation in the marine environment".
The patterns of the Fe-hydroxide/Mn-oxide distribution factors (Fig. 3) demonstrate that although the Mn oxides and the hydrous Fe oxides are intimately associated with each other in marine hydrogenetic Fe-Mn crusts, pronounced differences exist between their respective REY distribution.
In the SES model (Li et al., 1981 (Li et al., , 1982 (Li et al., , 1991 Koschinsky and Halbach, 1995; Koschinsky and Hein, 2003) similar differences observed for other trace elements had been attributed to differences between the seawater speciation of the elements considered and the surface charge of the hydrous Fe and Mn oxides in seawater, respectively. If the SES model can be used to approximate the behaviour of elements, such as the REY, whose seawater speciation is split between complex species of different charge, the speciation of dissolved REY in seawater should explain the apparent (∆ REY-FeOx/REYMnOx ) Lu values we observe (Fig. 3) . Solution-complexation of REY in seawater is dominated by positively charged monocarbonate and negatively charged dicarbonate complexes, REYCO 3 + and REY(CO 3 ) 2 -, respectively (e.g., Byrne and Kim, 1990) . Utilizing data from Byrne (2002) (Fig. 4) .
Comparison of Y and its geochemical twin Ho (Bau, 1996) also indicates that the SES model does not adequately describe REY behaviour during scavenging. In seawater of pH 8, 56% of total Y occurs a Y(CO 3 ) 2 -complex and 44% as YCO 3 + complex, whereas 72% of total Ho occurs as Ho(CO 3 ) 2 -and 28% as HoCO 3 + (calculated from data in Table 1 of Byrne, 2002) . At pH 7.5, the respective percentages are 29% and 71% for Y, and 45% and 55% for Ho. Over the entire pH range of Fe-Mn crust forming marine environments, therefore, negatively charged dicarbonate complexes are more important for Ho than for Y, whereas in marked contrast, positively charged monocarbonate complexes are more important for Y than for Ho. Utilizing the same seawater composition (Zhang and Nozaki, 1996) as in Eqs. (1a) and (1b), the above values at pH 8 suggest that in comparison to the total seawater Y/Ho weight-ratio of 62, the Y/Ho ratio of the fraction of total seawater REY that occur as positively charged monocarbonate complexes is 98 and the Y/Ho ratio of the fraction that occurs as negatively charged dicarbonate complexes is only 45. The SES model predicts that the positively charged monocarbonate complexes should associate with the negatively surfacecharged Mn oxide and that the negatively charged dicarbonate complexes should associate with the positively surface-charged hydrous Fe oxide. Thus, the Y/Ho ratio of the Mn oxides in Fe-Mn crusts should be higher than that of total seawater, because only the monocarbonate complexes are scavenged and the Y/Ho ratio of these is 98 (i.e., it is higher than the Y/Ho ratio of 62 of total seawater). In contrast, the Fe oxides should display a Y/Ho ratio that is below that of ambient seawater, because the Y/Ho ratio of the fraction occurring as dicarbonate complex is only 45 (i.e., it is smaller than that of total seawater). However, the Y/Ho ratio of the Mn oxides is 31 and 37 in c333 and c506, respectively, and the Y/Ho ratio of the Fe oxides is 17 and 18, respectively. Although the Y/Ho ratio of the Mn oxides exceeds that of the hydrous Fe oxides as predicted by the SES model, they both show Y/Ho ratios significantly lower than the Y/Ho ratio of ambient seawater, which is in marked contrast to predictions based on the SES model.
Our results indicate that while the SES model may serve as a straightforward approximation of the scavenging behaviour of elements with simple seawater Fig. 4 speciation, it cannot be used to comprehensively describe scavenging of elements with complex speciation, such as the REY, during formation of hydrogenetic Fe-Mn crusts. Obviously, the surface-complexation of dissolved REY with ligands (predominantly hydroxyl groups) at the oxide particle surfaces, which is significantly stronger for Ho than for Y (e.g., Byrne and Lee, 1993; Bau et al., , 1998 Bau, 1999) , promotes the preferential scavenging of Ho over Y and ultimately produces lower Y/Ho ratios in both Mn oxides and Fe oxides when compared to ambient seawater (remember that the anomalously weak surface-complexation of Y relative to Ho and its REE neighbours is the ultimate reason for the positive Y anomaly and super-chondritic Y/Ho ratio of seawater). However, the strong differences between the REY patterns of the Mn and the Fe oxides cannot be explained by REY solution-complexation alone, and hence, they suggest that REY fractionation during surface-complexation on hydrous Fe oxides differs from that on Mn oxides, supporting the findings of Quinn et al. (2004) who argued that in contrast to Mn oxides, REY surface-complexation on Fe (hydr)oxides cannot be approximated by the first hydrolysis constants of the REY.
The strong difference between the REY distribution in the hydrous Fe oxides and in the Mn oxides demonstrates that the surfaces of these (hydr)oxide particles have different affinities for trace elements, suggesting the absence of coatings or (bio)films that produce uniform surface properties with respect to sorption of REY. This is in marked contrast to particles in shallow open ocean, coastal and estuarine waters, that are all characterized by a negative surface charge (e.g., Neihof and Loeb, 1972; Hunter and Liss, 1979, 1982; Hunter, 1991) , which has been ascribed to the presence of organic coatings and biofilms (e.g., Balistrieri et al., 1981) .
CONCLUSION
Sequential leaching of marine hydrogenetic Fe-Mn crusts revealed significant differences between the REY distribution in the co-existing Mn oxide and Fe oxide fractions. Since the REY distribution in such Fe-Mn crusts represents the exchange equilibrium between the REY scavenged by these (hydr)oxide particles and the REY dissolved in ambient seawater, these data allow us to characterize REY partitioning in the system Mn oxide-Fe oxide-seawater.
The apparent mineral/seawater REY partition coefficents (K D REY-MnOx/REY-sw and K D REY-FeOx/REY-sw , respectively) confirm the general results from a study of bulk partition coefficients , but provide clear indications for that in the natural marine system oxidative scavenging of dissolved Ce is not confined to Mn oxides but also occurs on hydrous Fe oxides. The mineral association of Ce is similar to that of the trivalent REY and different from that of tetravalent Zr, Hf, and Th. While the latter indicates that Ce oxidation does not occur in the marine water column but at the metal (hydr)oxide surface, the former suggests that if the redox level of the marine environment is high enough for Ce(III) oxidation, the oxidation reaction is catalyzed regardless of whether an Fe or Mn (hydr)oxide sorbent provides the surface sites.
The apparent Lu-normalized mineral/mineral REY fractionation factors (∆ REY-FeOx/REY-MnOx ) Lu display sigmoidal patterns that show negative anomalies for Gd, Y, Lu, and possibly La, and the M-type lanthanide tetrad effect. Hence, there exist significant differences between the REY distribution of the Fe oxides and that of the Mn oxides, which cannot be explained by the seawater speciation of the REY but requires strong fractionation during REY surface-complexation. The latter appears to be different on Mn oxides as compared to Fe oxides supporting previous suggestions by Quinn et al. (2004) . The differences between the REY distribution in the Mn oxides and in the Fe oxides from marine hydrogenetic FeMn crusts also suggests that these (hydr)oxide particles are not covered by organic coatings or biofilms, but that the inorganic (hydr)oxide surface controls the scavenging of trace elements from deep seawater.
